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Abstract One of the central challenges in accurately estimating the mantle melting temperature is the
sensitivity of the probe for detecting a small amount of melt at the solidus. To address this, we used a
multichannel collimator to enhance the diffuse X‐ray scattering from a small amount of melt and probed an
eutectic pyrolitic composition to increase the amount of melt at the solidus. Our in situ detection of diffuse
scattering from the pyrolitic melt determined an anhydrous melting temperature of 3,302 ± 100 K at
119 ± 6 GPa and 3,430 ± 130 K at the core‐mantle boundary (CMB) conditions, as the upper bound
temperature. Our CMB temperature is approximately 700 K lower than the previous estimates, implying
much faster secular cooling and higher concentrations of S, C, O, and/or H in the region, and nonlinear,
advocating the basal magma ocean hypothesis.

Plain Language Summary The heat stored in the Earth's deep interior has been the primary fuel
for a range of global processes frommantle convection to surface tectonics, but quantitative estimation of the
heat remains uncertain. The melting temperature of mantle materials is one of the key parameters to
understanding the thermal evolution and present‐day state of the Earth's interior, but it has been poorly
constrained, with recent measurement discrepancies as large as 600 K. Here, we report melting temperatures
of mantle compositions measured over a wide range of pressures expected for the lower mantle.
We investigated a eutectic mantle composition using multichannel collimator filtered X‐ray diffraction in
combination with the laser‐heated diamond‐anvil cell. Fitting ourmelting data over the range of 46–145 GPa
led to a solidus temperature of 3,430 ± 130 K at the core‐mantle boundary. This temperature is
approximately 700 K lower than the previous estimates, implying much faster secular cooling at the lower
mantle than previously believed. Furthermore, our solidus curve constrained for a wide pressure range is
strongly nonlinear and thus supports the basal magma ocean hypothesis.

1. Introduction

The differentiation and crystallization of the magma ocean, which occurred in the first few million years of
the Earth's history, defined the beginnings of the chemical and thermal evolution of our planet (Carlson
et al., 2014). Such melting‐induced differentiation continues in the deep mantle, albeit regionally, which
could be one of the answers for the origin of the present ultra‐low velocity zones (ULVZs) at the
core‐mantle boundary (CMB) (Lay et al., 1998; Wen & Helmberger, 1998; Williams & Garnero, 1996). A pre-
requisite to understanding such processes is obtaining accuratemelting temperatures of silicatemantlemate-
rials and their pressure‐dependent changes (Labrosse et al., 2007; Stixrude et al., 2009). As the lowermantle is
predominantly in solid state in the contemporary Earth (Kennett et al., 1995), the solidus temperature mea-
sured from laboratory experiments can also provide an upper bound for the lower‐mantle geotherm.

Recently, Fiquet et al. (2010) reported direct detection of diffuse X‐ray scattering from partial melt in perido-
tite at the pressures expected for the CMB in a laser‐heated diamond‐anvil cell (LHDAC) and estimated a soli-
dus temperature of 4,180 ± 150 K. Subsequently, Andrault et al. (2011) inferred a similar solidus temperature
for a chondritic composition at the CMB based on the combination of plateau in the temperature‐laser power
and rapid recrystallization signatures in diffraction images. Most recently, Nomura et al. (2014) reported a
significantly lower solidus temperature of 3,570 ± 200 K at the CMB through X‐ray computed tomography
as diagnostics for the degree of melting using the temperature quenched samples. Another important
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In the surrounding area (low T area at the region between the red and the blue lines in Figure 3b) of the fro-
zenmelt, Fe‐depleted bridgmanite was identified. The same texture was also observed in the previous studies
(Andrault et al., 2011; Nomura et al., 2014; Tateno et al., 2014). Near the edge of solid (Fe‐depleted bridgma-
nite in Figure 3c), we found a small amount of Fe‐rich and Si‐deficient grains with a composition very close
to that of ferropericlase, which we interpret as migrated partial melt to cold region. In fact, we observed that
the ferropericlase diffraction lines became progressively weaker with heating above solidus at pressures
above 46 GPa, suggesting that the removed (Mg,Fe)O component went into melt. Our interpretation is also
consistent with previous observations (Tateno et al., 2014). On the other hand, the region outside of the blue
line in the Eu‐MFS sample is characterized by ferropericlase crystals embedded in the bridgmanite matrix
with a volume ratio expected for the composition of the starting glass material, suggesting that the area
did not experience melting (Piet et al., 2016). Our TEM observation of a pyrolite sample recovered from
58 GPa showed similar textural features related to melting (Figure S4). However, the melting structure
was smaller than those found in our Eu‐MFS sample, likely because pyrolitic composition is away from
the eutectic point (Figure S5).

Our chemical analyses confirmed much higher Fe content in the spots we interpreted as molten structure
(Figure 3b), consistent with previous studies (Andrault et al., 2012; Nomura et al., 2011; Tateno et al., 2014)
in which Fe preferentially partitioned into melt over crystalline residue. From this, we estimated Fe‐Mg par-
tition coefficients between the crystalline phases and the melt (KD), KD = ([Fesolid]/[Mgsolid])/([Femelt]/
[Mgmelt]). For the pyrolite sample, we obtained KD = 0.260 at 58 GPa (Figure S6 and Table S3), which is
in excellent agreement with the previously reported value (Tateno et al., 2014). The Eu‐MFS sample exhib-
ited much lower KD values (0.0131 and 0.0024 at 94 and 145 GPa, respectively; Figure S6). We attribute the
lower value to the absence of Al content in the Eu‐MFS composition. In conclusion, both the textural and
chemical signatures from our TEM measurements support our in situ XRD melting observations.

3. Discussion
3.1. Lower Temperature for the CMB

The solidus temperature at the CMB we reported here (e.g., 3,430 ± 130 K) is substantially lower than those
reported thus far for the anhydrous mantle compositions (e.g., 4,150 and 4,180 K) (Andrault et al., 2011;
Fiquet et al., 2010). Current seismic studies (Yu & Garnero, 2018) indicate no global melting at any depth
ranges in the lower mantle, only some localized partial melt structures at the lowermost mantle (such as
ULVZs). Therefore, our solidus temperature would place the upper bound for the contemporary mantle
geotherm. Furthermore, currently established models of secular cooling have predicted a much higher tem-
perature at the CMB than demonstrated by our study (Andrault et al., 2017). The low CMB temperature we
constrained from our melting experiments would thus require these models to be revised to reflect a much
faster rate of cooling for the mantle than previously believed. This implies that the early lower mantle and
the core had to cool down with higher thermal conductivities (Manthilake et al., 2011; Ohta et al., 2016;
Stackhouse et al., 2015), although these values are under debate (Geballe et al., 2020; Konôpková et al., 2016).
The consideration of higher thermal conductivities in the lower mantle and the core would require another
energy source (e.g., thermochemical convection) or higher temperature at the CMB (higher than 7,000 K,
4.5 Gy ago) (Labrosse, 2014) to sustain geodynamo from at least 3.5 Gy ago. Recently, the exsolution of cer-
tain mantle components has been suggested to contribute to sustaining geodynamo by composition‐driven
convection (Badro et al., 2016; O'Rourke & Stevenson, 2016). Consequently, our result would favor such a
scenario that the Earth may have cooled faster than what we have expected (Olson, 2013).

3.2. Relationship Between the Low Melting Temperature of Pyrolite and the Outer
Core Composition

The temperature offset across the CMB is expected to be small (Lay et al., 2008); therefore, our lower solidus
required for the CMB implies that the outermost outer core is cooler than what we have thought, which is
also important in understanding the thermal and chemical states of the outer core. When combined with
themelting data for metallic iron and iron alloys, our results provide new insights into the light element con-
tents in the molten outer core. Because the difference between the melting temperature of pure metallic iron
(i.e., 4,050 ± 500 K, Anzellini et al., 2013, or 3,760 ± 290 K, Sinmyo et al., 2019) and the solidus temperature
we report here, 3,430 ± 130 K, is larger than previously estimated, higher concentrations of light elements
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